Abstract Micro-robots have a great application prospect in the biomedical field due to the feature of small size. To solve the issues of energy supply and bio-compatibility of micro-robots, bio-syncretic micro-robots composed of biological materials and electromechanical systems have been studied widely. The skeletal muscle is a potential material to develop bio-actuator for the bio-syncretic robots on account of the great contraction force and the controllability. However, the low differentiation quality of C2C12s and the control of the bio-syncretic robots are the two of the main challenges for the development of the bio-syncretic robots based on the skeleton muscle. In this paper, an approach based on circularly distributed multiple electrodes (CDMEs) was proposed to improve the differentiation of C2C12 myoblast cells and characterize the electro-responsive beating behavior of myotubes for the development of bio-syncretic robots. Three groups of C2C12 blasts were used to fulfill the differentiation experiments without electrical stimulation and with electrical stimulation using parallel electrodes and CDMEs respectively, for evaluating the effect of CDMEs on C2C12 differentiation. It was demonstrated that electrical field through CDMEs can improve the differentiation quality of C2C12 blasts into myotubes in terms of intensity, length, and widths. Then, the effect of electrical stimulation on the beating behaviors of myotubes was also investigated with CDMEs, and it was shown that the beating amplitudes of myotubes were significantly affected by the frequencies, amplitude and direction of electrical stimulation with respect to the myotubes, which is fundamental for the control of the micro-robot based on skeletal muscle cells. The proposed approach is useful for not only the development of the bio-syncretic robots, but also the study of muscle tissue engineering.
considerable attention from researches [1] . Particularly, taking advantage of such a feature, micro-robots have a great application prospect in the biomedical field [2] [3] [4] , such as applications in drug delivery and therapy in vivo, which would be much safer with micro-trauma for patients [5, 6] . For example, the micro-robots can access into blood vessel to clear the thrombus [7] , and can enter the kidney to smash the stones [8] .
Many kinds of micro-robots have been developed with various actuation methods, such as electrostatic force [9] , magnetic force [10, 11] , and laser [12] . For example, because magnetic field can penetrate human body, and therefore can actuate and control micro-robots without contact, the micro-robots based on the magnetic force have been developed rapidly. However, there are some technical challenges faced by the micro-robots actuated by magnetic force or electrostatic force, including the requirement for a huge and complicated external actuation system, and the low efficiency of the energy transmission. According to the reports, traditional robot systems based on electromechanical systems have a low efficiency of energy transformation (< 30%) with a large heat loss, while the biology can directly translate the chemical energy into mechanical energy with a much higher [13] . Moreover, lots of biological materials, such as muscle cells, have capabilities of self-sensing, adaptation, self-actuation, and controllability [13, 14] , and so on. Therefore, inspired by the natural mechanisms and in view of the merits of biological materials, researchers have attempted to combine biological materials with soft materials to develop the new bio-syncretic micro-robots based on biological actuation and have made significant progress in recent years.
To develop bio-actuation based micro-robots, various biological materials, such as microorganisms [15] [16] [17] [18] , muscle cells [14, [19] [20] [21] [22] [23] [24] [25] [26] [27] , insect dorsal vessel (DV) tissue [28] [29] [30] , and molecular motors [13, 31, 32] , have been used to develop the bio-syncretic micro-robots with the capabilities of swimming [14, 24, [33] [34] [35] , walking [21, 23, 26, 29, 36, 37] , and manipulating [38] [39] [40] . For example, Xi et al. have demonstrated a self-assembled autonomous walking micro-robot, which was made of a silicon backbone and a sheet of cardiomyocytes growing on the structure, actuated by the contractility of living beating cardiomyocytes [36] . Akiyama et al. have fabricated an autonomous moving polypod micro-robot, which includes a polydimethylsiloxane (PDMS) structure made by casting method and a DV tissue of an inchworm, driven by the spontaneous contractility of the DV tissue at a wide range of temperatures [29] . Cvetkovic [26] .
Among the biological materials for bio-actuation, skeletal muscles are the most potential candidate as the main actuator of bio-syncretic micro-robots, on account of the fact that the skeletal muscles are the main force generator of animals and can provide more powerful force compared to the cardiac tissue [41] . Therefore it is of great importance to fabricate contractile skeletal muscle tissues in vitro. Differentiation of C2C12 myoblast cells into C2C12 myotubes is one way to achieve contractile myotube tissues in vitro for the development of skeletal muscle based micro-robot. In general, differentiation of C2C12 myoblasts into myotubes requires to be induced by low concentration of horse serum. The application of electrical stimulation is beneficial to the 2D/3D muscle tissues culture, including proliferation [42] , arrangement [43] , differentiation [44] , maturation [45] , and contraction [46] . However, there exist many issues to apply the electrical stimulation to the differentiation of C2C12 myoblast cells to C2C12 myotubes. For example, the traditional stimulation electrodes (TSEs), parallel electrode pairs, are frequently used for stimulating C2C12 myoblasts to differentiate into myotubes. This kind of electrode pairs requires a high stimulation voltage for myoblast cells to differentiate because the electric field between the electrode pair will be diminished by the inherent resistance of the medium [47] . However, the high electric field may damage the cells around the electrodes [43, [48] [49] [50] . And the high voltage may electrolyze the medium, and change the pH, which will affect the cellular status [50] [51] [52] . Moreover, although the substrate electrodes will hardly damage the cells [47, 52] , the direction of the electric field is fixed and cannot be changed, and therefore few of the current studies have considered the effect of the direction of electrical stimulation on the contraction of myotubes.
In this paper, an approach based on a circularly distributed multiple electrodes (CDMEs) was proposed to stimulate the C2C12 myoblast cells to differentiate into contractile myotubes. To validate the proposed approach based on CDMEs and to demonstrate its performance superiority to TSEs, the experiments of differentiation of C2C12 myoblasts were implemented in three groups: control group without electrical stimulation, experiment group with electrical stimulation through CDMEs and comparison group stimulated by TSEs, and comparisons were fulfilled in terms of the differentiation rate, length, and width of the myotubes in each group, which were measured using a free software, ImageJ. Simulations of electric fields generated with CDMEs and TSEs were fulfilled using ANSYS respectively and provided an explanation for their performance differences in the differentiation of C2C12 myoblasts into myotubes. Furthermore, the CDMEs were also used to investigate the effect of electrical stimulation on the beating behaviors of myotubes. The results demonstrate that the proposed approach based CDMEs can largely improve the differentiation quality of C2C12 myoblasts into myotubes and the beating amplitudes of the differentiated myotubes were significantly affected by the frequencies, amplitude and direction of electrical stimulation with respect to the myotubes, which is fundamental for the control of the micro-robot based on skeletal muscle cells. The proposed approach is useful for not only the development of the bio-syncretic robots, but also the study of muscle tissue engineering
II. MATERIAL AND METHOD

A. Equipment and Experimental Setups
The CDMEs was composed of eight copper electrodes of 10 mm × 5 mm × 1 mm (Length × Width × Thickness), fixing on the circular side of a petri dish of 60mm diameter with uniform spacing (Fig. 1A) . To induce the C2C12 blasts to differentiate into contractile myotubes with electrical stimulation, four of the electrodes on one side were used as the positive electrical poles, and the others were used as the negative poles with a pulse stimulator. To investigate the effect of electrical stimulation on the beating behavior of C2C12 myotubes, the electrical stimulation was applied using a pair of electrodes of CDMEs directly opposite to each other, and the direction of electrical stimulation with respect to myotubes was adjusted by using different pairs of electrodes, resulting in 0°, 45°, 90°, and 135° respectively. The beating patterns of C2C12 myotubes were measured with atomic force microscopy (AFM) (Fig. 1A and 1B) . In order to validate the effectiveness of CDMEs by comparison with TSEs, a pair of U-shaped platinum electrodes with 40 mm spacing was used to induce the C2C12s to differentiate into contractile myotubes with the same stimulation parameters as CDMEs ( Fig. 2A) . A commercial incubator was used to culture C2C12s. For the purpose of stimulate the cells, the wires connecting the electrodes and the pulse stimulator were arranged from inside to outside of the incubator (Fig. 3A) . 
B. Simulation and Analysis of the Different Electrodes
To theoretically explain why CDMEs is superior to TSEs in stimulating C2C12 myoblasts to differentiate into myotubes, the electric fields generated by CDMEs and TSEs were simulated using the commercial software package ANSYS to analyze the characteristics of electric field, such as the electric voltage distribution and the electric current density. The physical parameters of different materials, such as the copper electrodes, the platinum electrodes, and the medium, were set in the simulations according to the real parameters of the materials used in the experiment.
C. Preparation of the Cells
In this work, the C2C12 myoblasts (American Type Culture Collection, Manassas, VA, USA) were divided into three groups: control group without electrical stimulation, experiment group with CDMEs and comparison group with TSEs, for the experiments to investigate the effect of electrical stimulation on differentiation of C2C12 myoblasts. Afterwards, myotubes differentiated from C2C12 myoblasts were used to investigate the effect of electrical stimulation on the contraction of myotubes. The growth medium (GM) was composed of the Dulbecco's Modified Eagle Medium (High glucose, Gibco), 100 U/ml penicillin, 100 mg/ml streptomycin (Gibco), and 10% Fetal Bovine Serum (Gibco). The differentiation medium (DM) was made of Dulbecco's Modified Eagle Medium, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2% Horse Serum (Gibco). Firstly, three groups of C2C12s were cultured in the petri dishes at 37 °C and 5% CO2, until they grows to cover 90% of the substrate. Secondly, the GM was removed, and the cells adhering on the substrate were washed three times with phosphate buffered saline (PBS). Thirdly, 5 ml DM was poured into each petri dish to induce the cells to differentiate. 24 hours later, the primary DM was removed and the fresh DM was used for the experiments. After culturing 3 days in DM, the cells in the experiment and comparison groups were stimulated with the electrical pulse of 2 V/cm voltage, 10 ms pulse width, and 1 Hz frequency, according to the reports [47, 50] . 24 hours later, the electrical stimulations were turned off. DM was renewed every other day, until the cells were cultured in DM for 7 days. The morphology and contractility were measured using ImageJ and AFM.
D. Immunofluorescence and Measurement of Cellular Morphology
To analyze the differentiation of the C2C12s in the three groups under different stimulaiton conditions, the Anti-Myosin Heavy Chain Alexa Fluor 488 (eBioscience, USA) was used to mark the myosin heavy chain protein, and the 4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, St. Louis, MO, USA) was used to mark the cellular nucleus in the cells. The operation steps were listed as follows: firstly, the PBS was used to wash the cells three times, after the medium was removed; secondly, the fixative (Beyotime, China) was used to fix the cells; then, the cell-scrubbing solution (Beyotime, China) was used to wash the cells; after that, the Anti-Myosin Heavy Chain Alexa Fluor 488 was used to stain the cells for 30 minutes without light; following, the cells were washed three times with cell-scrubbing solution; then, the DAPI was used to stain the cells for 10 minutes without light; at last, the cell-scrubbing solution was used to wash the cells three times and a commercial fluorescence microscope (Ti-e, Nikon, Tokyo, Japan) was used to image the cells.
E. Measurement of the Cellular Beating Amplitude
In this work, a Dimension 3100 AFM (Veeco Inc., Santa Barbara, CA, USA) with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA, USA) was used to measure the beating patterns of the differentiated myotubes using the contact scanning mode without scanning movement (Fig. 1A) . To measure the beating amplitude and the frequency of the myotubes, a digital oscilloscope (Tektronix DPO7054C) was used to record the signals of the AFM system (Fig. 1B) .
F. Data Processing
The data recorded by the oscilloscope were treated and smoothed using the available median filtering function of MATLAB with a data size. The fluorescence intensity of the stained protein and the morphology of the differentiated myotubes were measured by ImageJ.
III. RESULT AND DISCUSSION
A. Simulation Results of CDMEs and TSEs
The electric fields generated by CDMEs and TSEs were simulated with ANSYS respectively. A direct current voltage of 10V was used in the simulations. The electrical resistance parameter of the materials, including copper electrodes, the platinum electrodes, the medium, and the petri dishes, were set to be 2.4×10
respectively. The electric voltage and the current density induced by the corresponding electrodes were simulated with ANSYS. The simulation result demonstrated that the electric field generated by CDMEs had larger gradient than that by TSEs, and local high-density current around the electrode poles was generated by the TSEs (Fig. 2) , which may harm the cells. These results indicate that CDMEs may provide more effective and suitable electrical stimulation for the differentiation of C2C12 myoblasts than the TSEs.
B. Differentiation Results of C2C12s Stimulated by CDMES and TSEs
To observe and assess the differentiation level and quality of the C2C12s, the nucleus of cells and the myotubes were stained with the DAPI and the Anti-Myosin Heavy Chain Alexa Fluor 488 respectively (Fig. 3B-3D) . Then, the differentiation and the morphology of the myotubes were measured by ImageJ. As shown in Fig. 4A , the experiment group electrically stimulated by the stimulation voltage of 2.0V/cm through CDMEs displays more myosin heavy chain in the cells than the comparison group with the same electrical parameters through TSEs and the control group without any electrical stimulation. This phenomenon means that more myotubes were differentiated from C2C12 myoblasts in the experiment group with CDMEs than the comparison and control groups. And, as shown in Fig. 4B and 4C , the statistical results of geometric parameters of myotubes demonstrate that the individual myotubes in the experiment group with CDMEs are longer and wider than those in the comparison group with TSEs and in the control group without electrical stimulations. These results indicate that the CDMEs-based approach can largely improve differentiation level and quality of C2C12 myoblasts into myotubes and is more effective than the TSEs-based approach.
C. Effect of Electrical Stimulation on Beating Amplitude of the Single Myotubes
The differentiated myotubes can contract and beat under the external electrical stimulation, and the beating behavior of single myotubes is significantly affected by the parameter of electrical stimulation. The beating frequency and amplitude of myotubes determines the movement characteristics of muscle cell-based mircro-robots. Therefore, it is of great significance to understand how electrical stimulation affect the beating behaviors of myotubes. In this study, to characterized the electro-responsive beating behaviors of single C2C12 myotubes under the electrical stimulation, the external electrical pulses were applied with CDMEs using a pair of electrodes directly opposite to each other and three parameters of the electrical stimulation were considered, including frequency, amplitude, and direction with respect to the myotubes. And the beating amplitudes of myotubes were measured by the AFM system.
The Effect of Stimulation Frequency. In this study, the frequency of the external electrical pulse of 2.0V/cm voltage and 10ms pulse width was varied from 1Hz to 9Hz with a 2Hz increment. As shown in Fig. 5 , the beating amplitude of the contractile myotubes decreases with the increasing stimulation frequency. When the stimulation frequency is lower than 5Hz, the myotubes displayed normal beating behaviors. However, if the stimulation frequency was higher than 5 Hz, the contraction amplitude decreased dramatically and the myotubes displayed tetanic contraction. The Effect of Stimulation Amplitude. In this study, to study the effect of stimulation amplitude, the voltage amplitude of the external stimulation of 1Hz and 10ms pulse width was varied from 1.0V/cm to 1.2V/cm. As shown in Fig. 6 , the cellular beating amplitude is largely affected by the stimulation amplitude. When the voltage amplitude was less than 1.8 V/cm, the cellular beating amplitude increased with the increasing voltage. While, when the voltage was more than 1.8 V/cm, the cellular beating amplitude decreased with the increasing voltage.
The Effect of Stimulation Direction. In this study, to study the effect of stimulation direction with respect to the myotubes, the direction of the electrical pulse of 1Hz, 2.0V/cm and 10ms width with respect to myotubes was adjusted by using different pairs of electrodes from CDMEs, resulting in 0°, 45°, 90°, and 135° respectively. As shown in Fig. 7 , the cellular beating amplitude is largely affected by the stimulation direction with respect to the myotubes, and exactly speaking, by the angle between the external stimulation and the myotubes, and the beating amplitude of myotubes decreases as the angle between the external stimulation and the myotubes increases. The myotubes achieve the maximal contraction when the external stimulation is parallel to the myotubes and and otherwise the minimal contraction if the external stimulation is perpendicular to the myotubes. 
IV. CONCLUSION
Bio-actuation based micro-robots have great potential prospect in the biomedical field due to the feature of small size, high efficiency of energy transformation, bio-compatibility and capabilities of self-sensing, adaptation, self-actuation, and controllability, and so on. And skeletal muscles are the most potential material candidate for the development of bio-actuated micro-robots. In this study, an approach based on CDMEs was proposed to stimulate C2C12 myoblast cells to differentiate into C2C12 myotubes, which can be used to actuate micro-structures. The simulation and experimental results demonstrate that the CDMEs-based approach can significantly improve the differentiation level and quality of C2C12 myoblasts to myotubes. Furthermore, the proposed CDMEs was used to characterize the electro-response beating behaviors of differentiated myotubes under the external electrical pulse and to investigate the effect of external electrical stimulation on the beating behaviors of myotubes. The results demonstrate that the beating pattern of the myotubes is significantly affected by the parameters of external electrical stimulus, such as the frequency, amplitude, and the angle between the myotube and the stimulus. The results will be fundamental for the future work in the development of control technologies for the muscle cell-based micro-robots. The proposed CDMEs and the results are useful and meaningful not only for the development of the bio-syncretic micro-robots, but also for the study of muscle tissue engineering.
